To measure the last unknown 3ν oscillation parameter (δ), several long baseline neutrino experiments have been designed or proposed. Recently it has been shown that turning on neutral current Non-Standard Interactions (NSI) of neutrinos with matter can induce degeneracies that may even hinder the proposed state-of-the-art DUNE long baseline experiment from measuring the value of δ. We study how the result of the proposed MOMENT experiment with a baseline of 150 km and 200 MeV < E ν < 600 MeV can help to solve the degeneracy induced by NSI and determine the true value of δ.
I. INTRODUCTION
The three neutrino mass and mixing scheme has been established as the standard solution to lepton flavor violation in neutrino propagation observed by various experiments. The neutrino oscillation pattern within this scheme depends on six parameters: three mixing angles denoted by θ 12 , θ 23 and θ 13 , a CP-violating phase δ and two mass splittings ∆m 2 21 and ∆m 2 31 . The values of all these parameters except δ have been extracted from data. The value of θ 23 is very close to maximal mixing value (i.e., θ 23 = 45
• ) such that the present uncertainties do not allow to determine which octant θ 23 belongs to. Moreover sign(∆m is not yet known. To determine these last unknown parameters of the neutrino oscillation scheme, an extensive experimental program is being developed. For example three setups have been suggested to determine sign(∆m 2 31 ): i) long baseline superbeam experiments; ii) medium baseline reactor experiments, JUNO [1] and RENO-50 [2] and iii) studying the energy and zenith angle dependence of atmospheric neutrinos by giant neutrino detectors such as PINGU [3] or INO [4] . The current T2K and NOνA long baseline experiments combined with information on θ 13 from reactor neutrino data have some limited sensitivity to the value of δ. In fact, the global neutrino data analysis already shows a hint for CP-violation [5] [6] [7] . According to [7] , at 1 σ the allowed values of δ are in the range δ = (205 − 292)
• which includes the maximal CP-violating phase δ = 270
• but at 3σ all values of δ are allowed. To determine the value of δ various long baseline setups have been proposed. The state-of-the-art DUNE [8] and T2HK [9] long baseline experiments which employ conventional superbeams from pion decay will be the champions to determine the value of δ. Construction of these experiments are under study. They are expected to gather enough data for determination of sign(∆m 2 31 ) by around 2030 [10] . Alternative methods to measure δ are suggested in [11, 13] .
There is also a proposal to build a neutrino experiment in China with a baseline of 150 km using relatively low energy (∼200 MeV−600 MeV). This experiment is called MOMENT which stands for MuOn-decay MEdium baseline NeuTrino beam. The goal of MOMENT is also measuring the CP-violating phase [14] . In [15] , the potential of MOMENT for determining δ, the octant of θ 23 and the mass ordering has been discussed and it is shown that the results of MOMENT combined with those of NOνA and T2K can help to rule out wrong solutions and dramatically reduce uncertainties.
We emphasize that the claims mentioned above are valid only under assumption of standard interaction. New physics can give rise to new interaction of neutrinos with matter fields [16, 17] which in turn leads to modification of propagation of neutrinos in matter. In fact, the analysis of solar neutrino provides a 2 σ hint in favor of NSI [12] . Since we cannot rule out the existence of such new physics before experiments are carried out [18, 19] , it is imperative to reexamine the discovery potential of these setups [20] in the presence of NSI. Ref. [21] shows that the claimed preference for δ = 270
• in the present data can be mimicked by neutrino NSI even if CP is conserved in the neutrino sector (i.e., even if both δ and the phases of new neutrino couplings vanish). Ref. [24] shows that although DUNE will be very efficient in solving degeneracies still some degeneracies can remain, making it impossible to determine δ in presence of NSI at 3 σ C.L.
Both baseline (L) and the average neutrino energy at MOMENT are smaller than those at other long baseline experiments (T2K, NOνA and DUNE) which aim at measuring δ. As a result, both standard and non-standard matter effects at MOMENT are expected to be smaller than those at T2K, NOνA and DUNE (i.e., G F N e ∼ 0.01|∆m 2 31 |/E ν when |∆m 2 31 |L/E ν ∼ π). Thus, we expect the effects of neutral current NSI on the determination of δ by MOMENT to be small. MOMENT can therefore help to resolve this degeneracy. The aim of the present paper is to evaluate how much the results of MOMENT can help to resolve degeneracies in determination of δ and the octant of θ 23 in presence of neutral current NSI. Determination of mass ordering by intermediate baseline reactor experiments, JUNO and RENO-50 are not affected by neutral current matter effects. Unless otherwise stated, we shall assume that by the time the MOMENT data release is complete, sign(∆m 2 31 ) is already determined by JUNO and RENO-50. 1 We also study whether MOMENT itself can determine sign(∆m 2 31 ) in the presence of non-standard matter effects. The paper is organized as follows. In sec. II, we review the effects of NSI on neutrino propagation in matter and the present bounds on NSI parameters. In sec III, we review the characteristics of the MOMENT, T2K and NOνA long baseline experiments relevant for our analysis. We present our results in sec IV. A summary is given in sec V.
II. EFFECTS OF NEUTRAL CURRENT NSI ON NEUTRINO OSCILLATION
The evolution of neutrino flavors in matter is governed by a Hamiltonian which can be decomposed as follows 
where ǫ αβ quantifies the effects of new physics. In Ref. [25] , a global analysis of all neutrino oscillation data has been performed in the presence of neutral current NSI. In fact, Ref.
[25] presents its results in terms of ǫ translate the bounds reported in Ref [25] on ǫ u αβ and ǫ d αβ into bounds on ǫ αβ which is the combination relevant for neutrino propagation in earth. Two solutions have been found in Ref [25] . One of them is consistent with standard interactions and constrains ǫ to the following range at 1σ C.L:
The other solution is the famous LMA-Dark solution with θ 12 > 45
• and ǫ µµ − ǫ ee ∼ 1 [26] . As shown in [28] , this solution can be tested by intermediate reactor experiments JUNO and RENO-50.
We can always add a matrix proportional to the unit matrix I 3×3 to the Hamiltonian in Eq. (1) without changing the neutrino oscillation pattern. That is why from neutrino oscillation data only a bound on the difference of diagonal elements of ǫ (i.e., ǫ µµ − ǫ τ τ and/or ǫ µµ − ǫ ee ) can be derived. For consistency we set ǫ µµ = 0 throughout our analysis. Hermiticity of H mat implies that the diagonal elements of ǫ are real but they can be positive or negative. The off-diagonal elements of ǫ can be in general complex. There is no observational constraint on the phases of ǫ eµ , ǫ eτ and ǫ µτ .
As seen from Eqs. (2,3), there are already strong bounds on |ǫ µτ | and on |ǫ µµ − ǫ τ τ |. We can write |ǫ µµ − ǫ τ τ |, |ǫ µτ | < ∼ sin θ 13 . On the other hand, up to O(s 2 13 ǫ, s 13 ǫ 2 , ǫ 3 ), P (ν µ → ν e ) does not depend on |ǫ µµ − ǫ τ τ | and |ǫ µτ | [23, 24] . Our numerical analysis show that ǫ µτ or |ǫ µµ − ǫ τ τ | do not cause any degeneracy in the determination of δ. This is expected as the appearance mode dominates the δ determination. Numerical calculations also confirm this claim. However, nonzero ǫ eµ , ǫ eτ and ǫ ee − ǫ µµ can interfere with the determination of δ [20, 24] . We study how MOMENT can help to solve the degeneracies caused by turning on nonzero ǫ eµ , ǫ eτ and ǫ ee . We calculate the oscillation probabilities numerically. As expected, the oscillation pattern for nonzero ǫ ee = ǫ and ǫ µµ = ǫ τ τ = 0 is the same as for nonzero ǫ µµ = ǫ τ τ = ǫ and ǫ ee = 0. To perform our analysis, we set true values of |ǫ| to zero and treat uncertainties in |ǫ| with pull method [27, 40, 41] . We marginalize over phases of ǫ eµ , ǫ eτ and ǫ µτ .
III. CHARACTERISTICS OF MOMENT, T2K AND NOνA
The proposal of the MOMENT experiment is still in a early stage and its details have not been completely fixed. To make a comparison we will assume characteristics for the MOMENT setup similar to those in [15] . We take L = 150 km and a Gd-doped water Cherenkov detector with fiducial mass of 500 kton. The source can run in two modes: 1) muon mode, µ − → e −ν e ν µ ; 2) antimuon mode, µ + → e + ν eνµ . The power and spectrum of two modes are taken to be the same. The energy spectrum of neutrinos at source is taken from [29] . The peak energy lies in around 150 MeV and the maximum energy is around 700 MeV. At this energy range, the dominant interaction modes are quasi-elastic interactions:
The final neutron can be captured on Gd which provides a method to distinguish neutrinos from antineutrinos. We shall assume that Charge Identification (CI) is 80 % which is although relatively optimistic but is not unrealistic [30] . The charge misidentification is the main source of background. Another important source of background is atmospheric neutrinos. By sending the beam in bunches, the atmospheric neutrino background can be reduced by a factor called Suppression Factor (SF). In most of our analysis, we take SF=0.1 %. We will then study the dependence of results on SF. Another non-negligible source of background is neutral current interactions [15] which we take into account. Since the energies at MOMENT are low, pion production will not be a problem. Moreover, since the water Cherenkov detectors enjoy very good flavor identification, background from the flavor misidentification will be negligible. We take the backgrounds similar to those in [15] . We take the spectrum of neutrinos at the source from [29] . We take the unoscillated neutrino flux of each flavor mode at the detector equal to 4.7 × 10 11 m −2 year −1 . We assume five years of data taking in each muon and anti-muon modes. Uncertainties of (unoscillated) flux normalization of ν e andν µ are taken to be the same and equal to 5 %. Similarly we take an uncertainty of 5 % in flux renormalization ofν e and ν µ in the muon decay mode but the uncertainties of fluxes of muon and anti-muon decay modes are taken to be uncorrelated. For neutrino energy resolution, we include migration matrix similar to Ref. [31] . For cross section of quasi-elastic Charged Current (CC) interactions, we use the results of Ref. [32, 33] . The efficiencies of various signal modes are taken from [34] .
For studying the synergies between experiments, we also forecast the final results of T2K and NOνA. We assume 2 (6) years of data taking in neutrino (antineutrino) mode for T2K and 3 years of data taking in each neutrino and antineutrino mode for NOνA. In our analysis of T2K and NOνA, we take into account all the electron and muon appearance and disappearance channels. The flux of T2K is taken from Ref. [35] . The energy resolution for T2K is set equal to 85 MeV uniformly for all energies. The energy range is between 0.4 to 1.2 GeV. The baseline is 295 km. 5% and 2.5% normalization uncertainty are considered for appearance mode and disappearance signal mode, respectively. Free normalization is considered for quasi elastic events. Background sources include lepton flavor misidentification, neutral current events, charge misidentification and intrinsic background. For the backgrounds of the disappearance channels, we take a 20% normalization uncertainty and for backgrounds of appearance channels, we take an uncertainty of 5%. The calibration error is considered equal to 0.01% for both signal and background. Simulating the T2K experiment, we take its features as described in Ref. [35, 36] and its systematics as Ref. [37] .
The energy range of NOνA experiment is from 1 to 3.5 GeV and the baseline is 812 km. The energy resolution is equal to 10% √ E and 5% √ E for electron neutrino and muon neutrino, respectively. A normalization uncertainty of 5% is considered for signal and background. The calibration error is 2.5%. Backgrounds include neutral current interaction, lepton flavor misidentification and the intrinsic background. Simulating the NOνA experiment, we take the features of appearance and disappearance channels as described in Ref.
[38] and in Ref. [39] , respectively. The simulated number of events for the appearance and disappearance channels of MO-MENT, T2K and NOνA experiment are shown in Table I . We take the oscillation parameters from nu-fit [44] and set δ = 270
• . Notice the number of events includes both signal and background.
We perform our analysis using GLoBES [40, 41] . The neutrino oscillation probabilities are calculated using the numerical diagonalization method discussed in [22] (see also [23, 42] ). For matter density profile, we use PREM with 5% uncertainties [43] . The neutrino mass and mixing parameters are taken from [44] . To treat all the uncertainties we use the pull method.
IV. RESULTS
In this section we discuss our results which are shown in Figs 1-6 . Drawing all these figures, we set the true values of neutrino mass and mixing parameters equal to their best fit values [44] . The uncertainties of those parameters that are not shown on the axes are taken from [44] and treated by pull-method. The true values of ǫ are set to zero. As explained in sec II, the dependence of neutrino oscillation patterns on diagonal elements of ǫ is only through differences ǫ ee − ǫ µµ and ǫ τ τ − ǫ µµ . We therefore fix ǫ µµ = 0. Fig. 1 shows the effects of turning on NSI on determination of δ − θ 23 by the current long baseline experiments NOνA and T2K. We assume the normal mass ordering. Moreover we assume that the ordering is known. The true values are shown by a star: δ = 270
• and θ 23 = 42.3
• . In Fig 1-a, all the NSI are turned off. This figure confirms the results shown in Fig 1-a of [15] . In Figs 1-b, 1-c and 1-d , the parameters ǫ ee , ǫ eµ and ǫ eτ are respectively allowed to vary within the present 1 σ C.L. intervals shown in Eqs. (2,3) . The phases of ǫ eµ and ǫ eτ are allowed to vary in (0, 2π). We observe that turning on ǫ eµ or ǫ eτ , T2K and [44] . Both appearance and disappearance modes are taken into account. Fig (a) shows the projected sensitivity assuming no NSI. In Fig (b) , the present 1σ uncertainty of ǫ ee [25] is taken into account. In Figs (c) and (d), the present 1σ uncertainties of respectively ǫ eµ and ǫ eτ [25] are taken into account, varying their phases in (0, 2π).
NOνA lose their power to determine the octant of θ 23 even at 1σ C.L. [21] that the effects of δ = 270
• can be mimicked with NSI even when CP is conserved (i.e., δ = 0 or 180
• and Im(ǫ αβ )=0). Fig. 2-d demonstrates the improvement once we add the data from MOMENT. As seen from this figure, with the help of MOMENT, CP-violation can be established for δ = 270
• even when we allow all the elements of ǫ to vary. Remember that this is a task that cannot be achieved even by DUNE [18, 24] . Fig 3 demonstrates the dependence of the sensitivity of the MOMENT experiment on the background Suppression Factor (SF). As expected for larger background (i.e., increasing SF), the uncertainty on θ 23 and δ increases. From these figures, we observe that with SF=10 %, MOMENT will not be able to tell whether θ 23 is maximal or not at 3 σ. However determination of δ is not so sensitive to SF for SF better than 10%. That is for the purpose of determining δ, background suppression factor below 10 % is not necessary. This result is in agreement with the results of [15] shown in its Fig 2 for standard oscillation. Comparing  Fig 3-a and 3 -b, we observe that these results are robust against turning on NSI. For SF worse than 10 %, the background will be problematic for the δ determination [15] . Fig 4 shows the allowed region in δ and ǫ ee . Neutrino mixing and mass splitting parameters are set to their best values shown in Ref. [44] and their uncertainties (also taken from Ref. [44] ) are treated by the pull method. The ordering is taken to be normal and assumed to be known. Figs 4-a, 4-b and 4-c respectively show the results from NOνA and T2K experiments, from the MOMENT experiment and from the combined results. In drawing the thick lines, the rest of ǫ are fixed to zero. Fig. 4-b demonstrates that the MOMENT experiment is not very sensitive to ǫ ee which helps to solve the degeneracy between δ and ǫ ee . From Fig. 4 -c, we observe that once we combine the MOMENT results with NOνA and T2K, CP-violation for δ = 270
• can be established at better than 3σ C.L. even allowing nonzero ǫ ee . Moreover, adding results of MOMENT, the 3σ bound on ǫ ee slightly improves. As demonstrated in Fig 4 of [18] , when ǫ eτ and ǫ ee are simultaneously nonzero, a degeneracy appears that allows large values of ǫ ee and ǫ eτ to hide from long baseline experiment results. To study this effect, we have superimposed the thin lines which are drawn applying pull method on ǫ eτ and allowing its phase to vary in [0, 2π]. As expected the difference for MO-MENT is small, but for NOνA+T2K the difference can be significant. Fig 4-c shows that when the NOνA+T2K results are combined with the MOMENT results the determination of δ is not much affected but the uncertainty of ǫ ee is increased by degeneracy between ǫ eτ and ǫ ee that has been pointed out in Fig 4 of [18] Fig. 5 is similar to Fig 4 except that it respectively shows the allowed ranges of ǫ eτ − δ, allowing the phase of ǫ eτ to vary in [0, 2π] . Drawing the thin lines, pull method is applied on ǫ ee with 1σ range 0 < ǫ ee < 0.93 [25] . Thick lines are drawn fixing ǫ ee = 0. As expected turning on and off ǫ ee does not make a significant difference for MOMENT but T2K+NOνA results significantly change. Comparing Figs 5-a and 5-c, we observe that when ǫ ee is turned off, combining the MOMENT results with T2K+NOνA can help to significantly improve the bound on |ǫ eτ |. When ǫ ee varies within its 1σ C.L., determination of ǫ eτ worsens but still MOMENT can help to determine δ and rule out the wrong solution for δ.
Figs 6 is similar to Figs 4 and 5 except that it shows the allowed ranges of ǫ eµ −δ, allowing the phase of ǫ eµ to vary in [0, 2π]. We have fixed all the rest of ǫ αβ to zero. Notice that combining the NOνA and T2K results with the results from MOMENT not only rules out the wrong solution for δ but also improves the bound on |ǫ eµ |.
In all above cases we have assumed normal mass ordering and have assumed that the mass ordering will be determined by other experiments such as JUNO. We repeated the analysis for inverted mass ordering and found the same overall results. Ref. [15] show that MOMENT alone can determine the mass ordering. We found that this result is robust even when NSI are turned on and values of ǫ αβ are allowed to vary in the range displayed in Eqs. (2,3) . The wrong mass ordering can be ruled out at 95% C.L. by MOMENT alone.
V. SUMMARY
Long baseline neutrino experiments such as NOνA and DUNE are sensitive to matter effects. To extract the value of the Dirac CP-violating phase, δ, the matter effects therefore have to be known and properly taken into account. Non-standard interaction of neutrinos with matter can induce degeneracies in determination of δ. For example, at NOνA and T2K, the signatures of CP-violating scenario with δ = 270
• within the SM (i.e., ǫ αβ = 0) can be mimicked by CP-conserving scenario (δ = 0 or 180
• ) with nonzero ǫ αβ . Even the upcoming state-of-the-art DUNE experiment cannot solve this degeneracy. We have studied how the proposed MOMENT experiment with L = 150 km and 200 MeV < E ν < 600 MeV, which is also designed to extract δ, can help to solve this degeneracy. The results are shown in Figs. 1-6. Because of relatively short baseline (L ≃ 150 km) and relatively low energy, the sensitivity of the MOMENT experiment to matter effects, either standard or non-standard, will be quite limited ( √ 2G F N e L ≪ 1 and ∆m
Thus, MOMENT alone cannot put strong bounds on ǫ αβ . On the other, the low sensitivity to the matter effects means that, unlike at NOνA, turning on the NSI parameters at the MOMENT experiment cannot mimic the effects of CP-violating phase δ so the MOMENT experiment can help to solve the degeneracy. Comparing Fig 1 and 2 , we observe that while in the presence of NSI, NOνA and T2K cannot determine δ and/or the octant of θ 23 , once the results of the MOMENT experiment are combined with those of T2K and NOνA, CP-violation can be established at better than 3σ for δ = 270
• and the octant of θ 23 can be determined at 2σ. These results are obtained by setting the true values of ǫ αβ equal to zero, but treating their present uncertainties shown in Eqs (2,3) with pull method. Fig. 3 shows the dependence of the performance of the MOMENT experiment on the background Suppression Factor (SF). Determination of δ, both with and without NSI, is not so much sensitive to background SF and even with a modest suppression factor of 10 %, δ can be determined. However to determine the octant of θ 23 in the presence of NSI, SF should be better than 10 %.
Although the MOMENT experiment alone cannot give a significant bound on |ǫ αβ |, we have found that combining the MOMENT results with NOνA and T2K can significantly improve the bounds on |ǫ eµ | and on |ǫ eτ |. The present 3σ bound on |ǫ eµ | from the present global neutrino analysis is 0.48. While T2K and NOνA can improve the 3σ bound to 0.35, once combined with the MOMENT results the bound will be improved to 0.15. Setting the rest of elements of ǫ αβ equal to zero, the combined bound from MOMENT, T2K and NOνA on |ǫ eτ | will be 0.45 which will be an improvement of factor 2.7 relative to the present 3σ bound from global analysis of neutrino oscillation data [25] . The sensitivity to ǫ µτ and ǫ µµ − ǫ τ τ in all these three experiments is only mild.
MOMENT, Standard Osc. [44] . Both appearance and disappearance modes are taken into account. SF for MOMENT is taken equal to 0.1 % . Fig (a) shows the sensitivity of MOMENT without NSI. In Figs (b), (c) and (d) , all values of ǫ are allowed to vary within their present 1σ uncertainty limits [25] . Fig (b) shows the sensitivity of the MOMENT experiment alone. Fig (c) shows the combined sensitivity of the NOνA and T2K experiments and Fig (d) shows the combined sensitivity of all three experiments. [44] . Fig (a) shows the projected sensitivity assuming no NSI. In Fig (b) , the present 1σ uncertainty of all values of ǫ [25] are taken into account. [44] . Both appearance and disappearance modes are taken into account. The horizontal dashed lines show the present 3σ range of ǫ ee . SF for MOMENT is taken equal to 0.1 %. In drawing thick lines, all the ǫ αβ except ǫ ee are fixed to zero but when drawing the thin lines, we have allowed |ǫ eτ | and its phase to vary within the uncertainties . Fig (a) shows the combined sensitivity of the NOνA and T2K experiments . Fig (b) shows the sensitivity of the MOMENT experiment alone. Fig (c) shows the sensitivity of all three experiments combined. The 3σ upper bound on |ǫ eτ | is 1.2 which lies outside the frames of these figures. In drawing thick lines, all the ǫ αβ except ǫ eτ are fixed to zero but when drawing the thin lines, we have allowed ǫ ee to vary within the uncertainties shown in Eq. (3) using pull method. 
